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We describe a radiochemical measurement of the ratio of isotope concentrations produced in a gold hohlraum surrounding an
Inertial Confinement Fusion (ICF) capsule at the National Ignition Facility (NIF). We relate the ratio of the concentrations of
(n,y) and (n,2n) products in the gold hohlraum matrix to the down-scatter of neutrons in the compressed fuel and,
consequently, to the fuel’s areal density. The observed ratio of the concentrations of '**™*¥Au and ""*®Au is a performance
signature of ablator areal density and the fuel assembly confinement time. We identify the measurement of nuclear cross

sections of astrophysical importance as a potential application of the neutrons generated at the NIF.

I. INTRODUCTION

The promise of safe, clean, inexhaustible energy has led to research in controlled fusion methods that could one day be
integrated into commercial electrical power supplied. One of the paths toward laboratory scale fusion is Inertial Confinement
Fusion (ICF), where a mixture of deuterium and tritium (DT) is compressed to extremely high densities and temperatures by
high energy lasers.'” If sufficiently high density and temperature are achieved before the DT target disassembles, the fusion
reactions between the two hydrogen isotopes produce alpha particles (‘He) that can initiate a self-sustaining burn wave
(ignition) in the fuel resulting in more energy being generated than is supplied by the initiating laser beams.” The conditions
necessary for ignition, and the energy gain factor (defined as the ratio of energy produced to the input laser energy) are both
being explored at the National Ignition Facility (NIF), a large-scale, laser-driven ICF complex constructed at the Lawrence

Livermore National Laboratory (LLNL).*

Even in the absence of an ignition burn, heating and compressing the DT fuel can result in the production of a significant
number of neutrons as well as alpha particles. The fraction of thermonuclear fuel that undergoes nuclear reactions is roughly
proportional to the product of its density and the time during which compression in maintained (the confinement time). The
confinement of the reacting fuel is of limited duration, determined by the inertia compressibility of the fuel mass. Fuel

compressions to areal densities greater than 1 g/cm” allow an alpha-driven burn wave to be achieved.’
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The Q-value of the *H(*H,n)*He reaction, which is by far the most probable reaction between hydrogen isotopes at the
multi-keV ignition temperature,’ is 17.6 MeV, and results in the production of neutrons with a narrow energy distribution
centered around 14.1 MeV. For a given amount of fuel in the spherical ICF capsule, increased compression results in higher
areal density (pR) and a corresponding increase in the probability for a neutron to scatter off of the residual hydrogen
isotopes before it escapes from the fuel. Multiple scattering results in a substantial fraction of the neutrons that escape the
fuel being down-scattered to energies between 14 MeV and those associated with keV-thermal temperatures. The neutrons
emitted by the imploded capsule (both 14.1 MeV and lower energy down-scattered neutrons) can induce nuclear reactions,
and therefore produce radionuclides, in material located in proximity to the capsule. The down-scattered neutrons have fewer
reaction pathways energetically available to them than do the 14.1-MeV neutrons, with the lowest-energy fraction producing
(n,y) and (n,n’) products. In contrast, the unscattered neutrons produce few capture products, preferentially forming products

of threshold reactions, e.g., (n,2n).”

The ratio of the concentrations of (n,y) to (n,2n) products produced in an activation target is related to the fraction of the
emitted neutrons that have undergone multiple scattering and is, therefore, related to fuel compression. In the present paper,
we report the observation of radioactive nuclei produced in gold targets exposed to the neutron fields generated from ICF
capsules and demonstrate the potential diagnostic value of the measurements through a correlation of the (n,y)/(n,2n) product

ratio values with the down-scattered neutron fraction measured by other means.

Il. RADIOISOTOPE PRODUCTION IN THE NIF CHAMBER

The ICF capsules used in each experiment consisted of a 2-mm-diameter hollow-shell consisting of germanium-doped,
high-density plastic initially filled with a 50:50 mixture of deuterium and tritium gas (the DT fuel) at a pressure of 500-1000
Torr, and subsequently cooled to form a layer of DT ice in the capsule.® Each capsule was suspended centrally’ in a
cylindrical metal cavity (the hohlraum), and was maintained at a temperature near the triple point, approximately 19 K, so
that a layer of DT ice, which contained most of the mass of the thermonuclear fuel, coated the inside of the shell.” The
hohlraum, a cylinder roughly 0.6 cm in diameter, 1 cm long, and 30 pm thick (areal density of 0.06 g/cm?), was constructed
of approximately 130 mg of gold, and sometimes contained a small amount of depleted uranium deposited on the inner
surface.'”!" High-Z materials have a high efficiency for conversion of incident laser light to x rays, which drive the capsule
implosion. The hohlraum matrix (gold and uranium) constituted the activation target for these diagnostic measurements.

The hohlraum was surrounded by a thermal-mechanical package of aluminum approximately 500 um in thickness, which was



held at the geometrical center of the 10-m-diameter NIF chamber at the end of a boom with clamps containing aluminum and
silicon.'

4,13

Each capsule was imploded by introducing up to 192 beams of 0.35-um laser light™~ through 0.31 cm laser entrance
holes located at both ends of the hohlraum. Up to 1.8 MJ of energy were distributed over the inside surface of the hohlraum,
which then absorbed the laser light and converted it to x rays."” The photon energy and time distribution of laser power is
tailored to provide an optimal x-ray environment in the hohlraum and to minimize backscattering of the incident laser light
and the production of high-energy electrons that could heat the fuel too early, thereby inhibiting compression of the
fuel 141516

The x-ray bath inside of the hohlraum causes the outer surface of the capsule to ablate, which generates pressure and
convergent shocks inside the capsule that compress the DT fuel with high velocity and minimum entropy to the temperatures
and densities required for DT fusion. This in turn results in the production of neutrons, and the pR (areal density) of the

capsule ultimately determines the final energy spectrum™'’'®

of the emitted neutrons. By the time the neutrons are produced,
most of the plastic shell has ablated away, and the majority of the neutrons emerging at lower energies arise from scattering
off of the isotopes of hydrogen in the fuel together with a significant contribution from the hydrogen in the remaining plastic
ablator. Contributions from the low-density plasma that fills the hohlraum are negligibly small.

At maximum compression, the diameter of the hottest portion of the DT fuel (the hot spot) inside the capsule approaches
40 um and the pR of the cold fuel approaches 1 g/cm” (reference 19). The time between the onset of the laser pulse and the
production of neutrons is sufficiently short (nanoseconds)*” that there is very little motion of the bulk gold hohlraum material
from its initial position during that time even though a few micrometers of its inner surface have been heated to hundreds of
eV."” The neutrons arrive at the hohlraum and produce a variety of nuclear reaction products before the hohlraum matrix
finally breaks apart and moves away from the center of the NIF chamber, thereby becoming target “debris”. Of the energy
produced in the fusion process, 80% is in the motion of the neutrons, which pass through the hohlraum without depositing
much energy. For capsules with yields below those associated with ignition, most of the propulsion of capsule and hohlraum
debris is due to laser heating rather than nuclear processes. Following neutron production, high-kinetic-energy ICF-capsule
material stagnates against the hot inner wall of the hohlraum, launching shocks into the matrix. When the shocks break out
of the outer surface of the hohlraum, much of the energy is radiated as part of the x-ray continuum, but the rest goes into
kinetic energy of the debris.”' This leads to atom-scale surface vaporization and larger-size ejecta from impulse loading and
subsurface boiling, which propagate ballistically through the vacuum of the NIF chamber shortly after leaving the vicinity of

the center of energy production.”***** The majority of the hohlraum mass is expected to be directed axially outward.***’



In these experiments we fielded passive collector foils at a distance of 50 cm from the target chamber center (TCC) to
collect the resultant capsule and hohlraum debris. These collectors were oriented near the plane of symmetry through the
cylindrical waist of the hohlraum so as to maximize the collection of gold activation products. The collection process is
complicated by the harsh environment found inside the NIF chamber following a shot, which includes scattered laser light, x
rays, neutrons, and debris that originated from material ablated from the chamber wall and diagnostic instruments fielded
inside the chamber. Neutrons emitted by the DT fuel and x rays emitted by the hohlraum and thermal-mechanical package
arrive at the collector position approximately 10 ns following the end of fusion-energy production. Debris arrives
considerably later, on the order of microseconds to milliseconds depending on the size and mass of the particulates. The sub-
keV x rays that dominate the spectrum of photons emitted by the hohlraum assembly deposit most of their energy within a
few micrometers of the surface of high-melting point collector materials.”**’ The x-ray pulse duration was short compared to
the time required for heat transport,*® so surfaces were driven past their melting points (see reference 31, for example.) The
associated thermal shock caused material to ablate from the surface of the collector, which could impeded the arrival of atom-
scale debris. This problem is expected to be worse if the collector is moved from a waist, or equatorial, location to a polar
location; the spectrum of radiation emitted through the laser entrance holes at the ends of the hohlraum was of higher
energy,”'”* which added significantly to the x-ray load on the polar collectors. Gamma-ray spectroscopic analyses of the
gold on the collector foils indicated clearly that the gold debris was not homogenously distributed with respect to the pole and
equator. These analyses also showed that the distribution of gold debris at the equatorial line-of-site varied significantly for a
given shot, with no dependence on the collector material, bracket position, or laser energy.*®

The energy spectrum of neutrons that have passed through the hohlraum is measured at NIF by a magnetic recoil
spectrometer (MRS)™ and a variety of scintillator-based neutron time-of-flight (NTOF) detectors.’******" These diagnostics
have limited sensitivities to neutrons with “low” energies (the lower-energy thresholds are 140 keV for NTOF and 4 MeV for
MRS.) A typical NTOF spectrum is shown in Figure 1, and typical derived neutron energy spectra for two pR values are
shown in Figure 2. One quantity that is derived from the measured spectra is the down-scattered neutron ratio (DSR), which

is used to infer the pR of the fuel.*®

DSR is defined as the number of neutrons that have energies between 10 and 12 MeV
(most of which have scattered only once) divided by the number of neutrons considered to be “unscattered”, with energies
between 13 and 15 MeV. In this work the DSR of the capsule was obtained by fitting the neutron energy spectra from the
two 20-meter NTOF detectors and from the MRS, 10-12 MeV and 13-15 MeV, respectively, and calculating the ratio. The

authorized DSR value for each NIF shot is determined by performing a weighted average of DSR values from several

neutron diagnostics.
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FIG. 1. Neutron Time-Of-Flight (NTOF) spectrum from the equatorial NTOF 20 meter detector for shot N120321-001-999. The red dots
are data with error bars; the green line is the fit to the data. Inset is the energy spectrum used to fit the data, from an MCNP simulation.
The DSR inferred from this spectrum is 0.050 4+ 0.004 and the average over all lines-of-site is 0.060 + 0.004. This deviation from the
average is consistent with a systematic low DSR on the equator for cryogenic fuel implosions.
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FIG. 2. Post-shot analysis of the neutron number escaping the capsule boundary, plotted as a function of energy. The spectra are derived
from NIF implosion experiments N111215 (Low-pR) and N120321 (High-pR), which had measured DSR values of 0.046 and 0.062,
respectively. These DSR values correspond to DT areal densities of 0.92 and 1.24 g/cm®.

Neutrons emitted by the NIF capsule also encounter the NIF chamber wall and the various structural supports located
relatively close to the center of fusion-energy production. The neutrons scattered off these materials bathe the region near the
center of the NIF chamber with lower-energy “room-return” neutrons. Room-return neutrons include those resulting from
(n,2n) reactions on local target support and diagnostic structures, as well as the more highly thermalized neutrons scattered
from chamber walls and surrounding building materials. The interaction of these neutrons with the hohlraum debris, mostly
through (n,y) reactions, must be assessed before the '*’Au(n,y) products can be attributed primarily to the capture of neutrons
that had previously down-scattered solely off the fuel in the compressed ICF capsule.”” A Monte Carlo neutron transport
calculation using MCNP5 with ENDF/B-VII.O cross sections was performed to assess the contribution of room-return

neutrons.” The main components of the NIF target chamber and surrounding building were included in the Monte Carlo



geometry. Isotropic DT fusion neutrons were injected at the center of the chamber and tracked until they either escaped or
were captured in the building materials. Gold activation tallies were calculated at various radii from the center. The
contribution from room return was evaluated by subtracting the activation by the bare capsule. Figure 3 shows the simulation
results indicating that room return neutrons make a negligible contribution to the gold ratio for distances < 1 cm, even for low

PR capsules. We performed the experiments described below to verify the results of these simulations.
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FIG. 3. Calculated Au isotope ratio N(lngu)/N (l%Au) from unscattered and room return neutrons as a function of distance from the center
of the NIF target chamber. The neutron source is a pure DT fusion spectrum at an ion temperature of approximately 3 keV. The expected
Au ratio for two different values of pR(DT) is also shown for comparison. A thin Au absorber with negligible neutron down-scatter is
assumed.

IIl. NEUTRON REACTIONS ON ""Au

The radioisotope inventory arising in fast-neutron interactions with '*’Au is dominated by the products of (n,2n) and
(n,y) reactions, forming '**Au and '"*Au, respectively. Both '*°Au and '**Au have long-lived isomeric states that decay by
internal conversion.*'**** The 8.2-second first isomeric state in '**Au has completely decayed to the 6.2-day ground state
before our radiometric measurements could be performed due to the length of time associated with retrieving collectors
following a NIF shot; isotopic concentrations that we attribute to '**Au are more accurately associated with the sum of those
for '™ Au and ""**Au. We refer to the higher-energy 9.6-hour isomeric state with the short-hand designation '**"Au for the

g gy g

following discussions.

The nuclear level structures of '*Au and '"*Au are very similar, with long-lived J"=12" isomeric states lying at
substantial excitation energies over J"=2" ground states. In '*°Au, the 9.6-hour isomer is at an excitation energy of 596 keV

above the 6.2-day ground state. In '**Au, the 2.3-day isomer is at an excitation energy of 812 keV above the 2.7-day ground

state. Both isomeric states decay by a series of electromagnetic transitions to their respective ground states. The ground state



of "®Au decays by P emission. The ground state of *°Au decays mainly by electron capture (EC), but there is a 7% B

branch.

The "7 Au(n,2n) reaction has a threshold of 8.1 MeV.** This means that scattered room-return neutrons are unlikely to
contribute to the production of '*’Au. For neutrons with energies in the vicinity of 14.1 MeV, the cross section for the
production of ™Ay is 2200 mb*’ (see Figure 4). The target nuclide '*’Au has J"=3/2"; the required spin change and the
excitation energy of '**"Au strongly favors the production of the ground state. The average of literature values for the isomer
ratio is o("*""Au)/c("**Au)=0.069,"*"** which is nearly identical to the value we obtained from our measurements (see

results below).
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FIG. 4. 197Au(n,2n) and 197Au(n,y) evaluated cross sections from the Evaluated Nuclear Data File available through the National Nuclear
Data Center at Brookhaven National Laboratory™". The inset figure has the Au cross sections with a linear scale for the neutron energy.

The "”’Au(n,y) reaction has no energy threshold; therefore, neutrons of all energies can produce '**Au (see Figure 4).
Due to the similarity of the '"®Au and '"°Au nuclear structures, it may be possible that a similar isomer ratio would be
obtained with 14-MeV-neturon capture as for the (n,2n) process. The '*’Au(n,y) cross section at 14 MeV is only 1 mb,*"*
yet we observe production of "**Au considerably in excess of that which would be produced with this cross section (see
results below). This is a consequence of the contribution from reactions with neutrons of lower energy. Less angular
momentum and excitation energy are contributed to the compound nucleus in these lower-energy capture reactions, resulting

in a substantially lower isomer ratio. We did not obtain any conclusive evidence for the production of '**"Au in the present

experiments.

IV. EXPERIMENTAL DETAILS



The Solid Radiochemistry (SRC) debris collectors were fielded in the NIF chamber on a fixed bracket mounted on the
outside surface of a retractable Diagnostic Instrument Manipulator (DIM)> (see Figure 5). The distance between the center
of the front surface of the collector disk and the center of the ICF capsule was 50 cm, with the line of site being very nearly
perpendicular to the surface of the disk. In several instances, trailing thin foils were mounted behind the collector disks so
that they were not exposed to the chamber debris, but were exposed to the neutron flux leaving the capsule plus the room
return neutrons. Each collector foil stack was backed up against a compression spring such that the collecting surface always

registered against the retaining clamp at exactly the same distance from the ICF capsule.

FIG. 5. A picture of the snout, which attaches to the end of the Diagnostic Instrument Manipulator (DIM), with four Solid Radiochemistry
(SRC) collector holders in place. The ICF target assembly at the target chamber center (TCC) is just beyond the end of the snout, 50 cm
from the SRC holders.

A variety of materials with at least 99.9% purity were employed as collectors, including Ta, V, Ti, Nb, Mo, Ag, and
graphite foil; these were part of a systematic effort to determine the relative collection properties of the materials. Each
collector was 5 cm in diameter and 1 mm thick, with the exception of the graphite foil, which was 0.1 mm thick and backed
with a 0.5 mm thick piece of aluminum. A variety of surface finishes were also explored, and it was determined that polished
surfaces with a roughness of < 1 um rms variation were most effective in debris collection. The retaining ring that held the
collector in position was stainless steel, with an opening that was 4 cm in diameter; while the entire volume of the collector
foil was activated by the neutron exposure, only a 4-cm-diamterer area centered on the front of the disk collected debris
(4x10™* of 4 solid angle). There was little systematic advantage of any particular material over the others in the efficiency of
debris collection,” but Ta, V, and graphite foil provided the least interference with the detection of gamma rays emitted by
the gold-hohlraum material. In some of the experiments whose results are given below, Ta collectors (~1.7 g/cm®) were
backed with an Al isolation foil, a Au disk, and a Ta disk, each 0.1 mm thick (see Figure 6); these trailing foils were designed

to measure room-return neutrons. The cross section for the elastic scattering of fast neutrons by high-Z materials is on the



order of a few barns, giving an inverse cross section of 0.5 mole/cm?®. A 1-mm-thickness of most metals is on the order of

0.01 mole/cm?, so there are few down-scatter interactions of neutrons as they pass through the foil stack.

3 mm Al Plate

1 mm Polished Ta
0,1 mm Unpolished Ta

FIG. 6. A post-shot picture and schematic drawing of the debris collectors, oriented toward the target chamber center (TCC), fielded in one
of the NIF shots. The pre-shot collector foils were polished to a surface finish of < 1 um rms; the surface discoloration is due to the effects
of radiation and debris from the lasers, hohlraum, and NIF capsule. Each collector is typically 5 cm in diameter and 1 mm thick, with the
exception of the graphite foil, which is 0.1 mm thick and backed with a 0.5 mm thick piece of aluminum.

Samples were retrieved from the NIF chamber and were available for gamma-ray counting between 3 and 12 hours
following the laser shot. The samples were wrapped in two layers of plastic to contain adsorbed tritium, which was present
in the NIF chamber as unconsumed fuel from the ICF capsule. They were then mounted in standard aluminum or plastic
counting fixtures, covered with precisely machined cadmium foils (0.4 g/cm”) and placed at well-characterized locations in
front of high-purity germanium coaxial photon detectors’* in shielded enclosures. The purpose of the cadmium foils was to
absorb the platinum x rays emitted in the EC decay of '***Au so that they would not sum in the detector material with the
coincident gamma rays; for photons with energies above 100 keV, the attenuation was < 50%.” The detectors had relative
efficiencies between 20% and 40% of a reference sodium-iodide detector, Nal(T1).>* The energy and efficiency calibrations
were performed®® with NIST-traceable radionuclide certified reference materials in accordance with the International
Organization for Standardization (ISO) 17025 standard.

Each collector was counted several times over a span of three or more days. Initially, several 4-hour counts of each
source were taken to characterize the intensities of the gamma rays emitted by 9.6-hour **"Au. The source was placed no
closer than 3 cm from the front face of the detector end cap in order to minimize coincident summing, since a cascade of

photons are emitted in the decay of '**"Au. Afterward, the source was moved 2 cm closer to the detector and counted to

quantify the 2.3-day '***Au and the "***Au B branch, which do not suffer from summing. Two days after the shot, the source



was backed off to its original position to quantify the 6.2-day '"**Au. In each case, the count rate in the detectors was
sufficiently small that no correction was necessary for random summing.

Photon spectra between 50 keV and 2 MeV were collected in 4096 channels. The time base was corrected internally for
dead time. The spectra were processed with LLNL’s GAMANAL code,””® which calculated the energy and intensity of
each observed photon peak using the calibration parameters (including peak shape); it also corrected for extended source size
and attenuation due to the presence of the plastic confinement layers, the cadmium absorber, and self-attenuation by the
sample iself.” Uncertainties associated with the final photons/minute data were obtained from the statistical weights of the
photopeaks and algorithms in the code taking into account photopeak efficiencies. In rare cases where a desired photopeak
was insufficiently intense to be quantified by GAMANAL, its intensity and associated uncertainty were determined
graphically. Each spectrum was processed through GAMANAL twice, once as a 5-cm-diameter x 1-mm-thick disk for the
calculation of the intensities of activities induced by neutrons in the collector matrix, and a second time as a 4-cm-diameter
by 1-um-thick disk for the calculation of the intensities of activities collected on the foil surface. The assumption of a 1-um-
thick distribution of debris is based on measurements of the melt depth in cross-sectioned Ta and V collectors;*® the
associated attenuation correction was a small addition to that for the cadmium absorber. Based on the absolute count rates
from the various collectors, there is evidence that the solid debris that emanates from the NIF capsule and hohlraum assembly
is not distributed homogenously in the lateral direction. Therefore, we report isotope ratios as a means to mitigate the effects
of uneven debris collection on the collector surfaces.

In the debris-collector spectra we routinely observed the photons emitted in the decays of '**"Au, '**¢Auy, and '***Au. We
also observed photons associated with interfering activities produced in the collector matrix itself, as well as **Na, which we
attribute to >’Al(n,o)**Na reactions in the thermal-mechanical package surrounding the hohlraum. We have no convincing
evidence for the observation of '**™Au, and placed an upper limit of 0.11 to 0.13 on the ""*"Au/"**¢Au ratio for several
representative samples. In the trailing gold foils we also detected '**"Au, '"**Au, and '**Au. The limit on the production of
198mAu in these foils was N(***™Au)/N('***Au) < 0.002.

Photon intensity information from GAMANAL was converted to atoms at shot time using evaluated nuclear data,*"*>*
summarized in Table I. The number of atoms was obtained by dividing the photon intensities by the product of the overall
normalization and the gamma-ray relative intensity. For nuclide species that emit several intense gamma rays, the number of
atoms was determined using each gamma ray and the results were averaged. The reference time associated with the intensity
of each measured photopeak was near the centroid of the counting interval, corrected for the nonlinearity of the decay during

that interval (finite-counting-time correction).”” The photopeak intensities associated with each observed activity were

10



calculated at the time of the shot assuming a single-component exponential decay. Several determinations of the initial
concentrations of the same nuclide were propagated as a weighted average. We corrected the resulting initial atom
concentration of '**Au for contributions from the decay of '"*™Au under the asymptotic assumption: By using '**Au data
taken after 48 hours of decay, given the isomer ratio from the literature, we can assume that the decay of '**"Au is
sufficiently complete that simple exponential decay of '***Au has been established (within 0.3%). Under this condition, the
difference between the single-component extrapolation to shot time and the actual initial concentration of '“*¢Au is
A AU AP AN)-A(P8A )] x N(P™Au), or 1.0694 times the measured initial isomer concentration. We assumed that
the production of '**™Au was negligible, and made no correction for its decay contribution to the extrapolated initial
concentration of '**¢Au.

TABLE I. Nuclear data for gold isotopes, used to convert observed photon intensities to atoms at shot time.*"****

Nuclide Half-life (min) Normalization Photon energy (keV) Relative intensity
%Ay (EC) 8880.3(9) 0.869(9) 333.0 0.263(6)
355.7 1.000
%Ay (B) 8880.3(9) 0.066(3) 426.1 1.000
19mAY 576(6) 0.087(3) 147.8 5.00
168.4 0.90(5)
188.3 3.45(12)
285.5 0.51(5)
316.2 0.34(3)
82An 3880.4(4) 0.9558(12) 411.8 1.000
198mAY 3271.7(23) 0.77(1) 97.2 0.90(4)
180.3 0.63(5)
204.1 0.51(4)
214.9 1.000

More than one collector foil were fielded on many of the ICF shots whose results are presented below. The gamma-ray
data from each collector were processed individually to derive an isotope ratio for that foil. The debris collection efficiency
was quite variable among the foils. The uncertainties associated with the intensity of the photon lines emitted in the decay of

the gold debris were dependent on the efficiency, the activation of the collecting medium, and the time required to recover

11



the sample from the NIF target chamber and to mount it for counting. As a result, for each ICF shot, it was quite common
that one sample yielded a N("***Au)/N("**¢Au) value (the isotope ratio) that was of significantly lower uncertainty than those
yielded by the other collectors. Rather than propagate together all the isotope ratio values from one shot, we report the best
value for an individual collector; the other values were treated as confirmatory and are not presented here.

The down-scattered neutron ratio was determined from the neutron energy spectrum measured by two types of diagnostic
devices. The first consists of NTOF instruments™ located approximately 20 m from TCC, and oriented in the equatorial and
polar directions with respect to the hohlraum. These instruments detect the neutrons using a fast xylene scintillator with a
low scintillation tail at greater than 40 ns after the main scintillation peak. The other neutron diagnostic device, the MRS,*
determines the neutron energy by measuring recoil protons produced by neutrons colliding with a thin plastic foil. These
protons are magnetically analyzed and focused on a series of collectors that record the protons using CR-39 (Columbia Resin
#39) film. The authorized DSR value for a particular laser shot is determined using the suite of neutron spectral
measurement devices active on that shot. The number of neutrons in the two energy bins is determined for each instrument

and the ratio formed. The ratios from the active devices are averaged to determine the authorized DSR value.
V. RESULTS

From an MCNP simulation, we expected the correction for the contribution of room-return neutrons (neutrons
thermalized through scatterings from the NIF experimental apparatus and the chamber walls) to the '**Au content of the
hohlraum debris to be small (see Figure 3). Before the shot, the average distance of the Au hohlraum is approximately 0.37
cm from the capsule and little motion is expected before burn time. From the results of Figure 3, we predict a small
contribution from room return to the Au ratio. Nevertheless, we performed activation measurements to evaluate this
conclusion guided by the calculation. In four cases in which a Ta collector was employed, we backed the collector with thin
foils of Au and Ta. These foils were retrieved and counted separately from the collector foil. Sections of representative
spectra from one experiment are shown in Figure 7. All three spectra were taken at approximately the same time with
detectors of similar efficiencies. The top spectrum is associated with the trailing Au foil, the middle spectrum is a count of
the debris collector (Au collected on Ta), and the bottom spectrum is associated with the trailing Ta foil. From the
comparison of the bottom and middle spectra, it is clear that the activation of Ta does not interfere with the detection and
quantification of gold hohlraum debris.

Inspection of the top and middle spectra in Figure 7 show that there is a substantial contribution from the capture of
room-return neutrons to the '"“Au concentration in the trailing gold foil compared to that in the hohlraum material.

uantitatively, the measured N('**Au)/N('*°Au) isotope ratio in the trailing foil is 11 + 4 times greater than in the hohlraum
y p g
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material. We assume that the room-return neutron field produced by scatter from the chamber walls and experimental
fixtures and equipment in the chamber is essentially the same for both the trailing foil and the hohlraum material because of
their proximity in the large NIF chamber. However, the exposure to neutrons produced in the capsule decreases with the
square of the distance from the capsule. The hohlraum is 1 cm in diameter and is approximately 0.37 cm from the capsule
when the fusion neutrons arrive, while the trailing foil is 50 cm from the capsule. Since the measured N('**Au)/N(**°Au)
isotope ratio in the trailing gold foil is about 11 times greater than what was measured in the gold hohlraum debris, we can
approximate that the room-return neutrons contribute about 11/(50)> (where 50 is the distance in centimeters from the capsule
to the trailing foil), or less than 1%, to the production of '**Au in the hohlraum debris. This is corroborated by the MCNP
calculation shown in Figure 3, which indicates that at the edge of the hohlraum (1 cm) the contribution from room return
neutrons is negligible. As a result, we assess the measured N(*** Au)/N('**Au) isotope ratio in the debris as arising from the

interaction of the capsule neutron output with the gold-hohlraum matrix without significant contribution from room return.

107 - _
Au-196 — Trailing Au foil

—— Au debris
Trailing Ta foil

10° -
10°4
10* 5
10°4

10%+

Relative Counts

10" 5

100 T T T T
300 340 380 420 460 500

Energy (keV)

FIG. 7. Spectra of gamma rays from hohlraum gold debris collected on a Ta collector disc and trailing foils from a representative NIF shot.
The top line is the spectrum from the thin Au foil placed behind the Ta collector, the middle line is the spectrum of the gold hohlraum
debris that was collected on the Ta collector, and the bottom line is the spectrum from the thin Ta foil placed behind the collector and
trailing Au foils (see Figure 6 for collector schematic.)

In Table II we present the results of our radiochemical measurements of the N(***Au)/N("*°Au) ratios from debris
collectors from 17 ICF shots fielded between January 2012 and March 2013, correlated with the authorized DSR value
associated with each experiment. These data are presented graphically in Figure 8.

The N("**"Au)/N("***Au) ratio has been measured for 18 ICF shots utilizing gold spectroscopic data from hohlraum
debris collected near the equatorial plane. The data are summarized in Table II along with isomer ratios reported in the

literature. The literature values vary considerably, ranging from 5.9% to 7.9%, with an overall average of 6.9%. The isomer
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TABLE II. Experimental N(*** Au)/N('**Au) isotope and N('**"Au)/N('***Au) isomer ratios, along with the DT neutron yield
and the authorized DSR (with one sigma uncertainty intervals) from 18 ICF shots (identified with a six-digit number giving
the shot year, month, and day). Isotope ratios (with statistical uncertainties) are from the analyses of the front collector disks.

Systematic uncertainties for the isotope and isomer ratios are 4.0% and 1.1%, respectively.

NIF shot ID DT neutron yield (x 10™) DSR (x 107) N(ZAu)YN(°Au) (x 107)  N("Au)/N(""**Au) (%)

N120126 3.18 3.92+0.16 8.39+1.96 8.02 +0.69
N120131 6.19 3.67+0.17 7.12+0.38 7.10£0.16
N120205 5.64 430+0.19 8.66 +£0.31 7.23+£0.12
N120213 0.97 425+0.24 7.88 £6.22 6.77+0.40
N120219 3.51 433+0.17 8.68 +0.60 7.55+0.27
N120311 1.30 4.97+0.30 12.9+3.37 7.76 £0.71
N120316 2.18 5.80+0.32 18.7+2.11 6.81£0.43
N120321 4.20 6.26 £ 0.46 22.5+1.73 691 +0.44
N120405 1.28 5.14+0.29 12.2+1.54 7.03 £0.35
N120412 1.05 6.25+0.33 323+12.0 6.33+£0.96
N120417 4.30 5.32+0.21 16.7 £ 0.46 6.96+0.11
N120626 0.99 4.55+0.22 NM 6.73 £0.87
N120716 2.40 525+0.22 183+34 6.62 +0.69
N120720 1.50 6.13+£0.34 249+5.0 6.91 £0.66
N120802 3.03 4.46+0.22 9.11+£0.37 6.88+0.11
N120808 1.52 4.67 +0.40 16.1 £0.95 7.02 +£0.24
N120920 4.75 4.01+0.28 11.7+£3.7 7.20+£0.24
N130331 2.96 4.12+0.20 8.04 £2.26 7.04 +£0.26
Wtd Average 7.05 +£0.04
Ref. 46 59+04
Ref. 47 6.8+0.8
Ref. 48 7.9+0.8
Ref. 49 6.8+0.3
Unwtd Average 6.9
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ratios obtained from the gold samples produced via irradiation from ICF capsule neutrons are consistent with each other
within statistical accuracy, and an overall weighted average of 7.05 + 0.04% (statistical uncertainty) is obtained, which

appears to be an improvement over the currently reported values.
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FIG. 8. A plot of the Au isotope ratio N(wgm*gAu)/N (l%gAu) versus the DSR value from the NIF shots presented in Table II. One sigma
error bars are plotted.

VI. DISCUSSION

The ratio of "’ Au(n,y) and "’ Au(n,2n) cross sections at 14 MeV is approximately 5x10™ (see Figure 4). We observe
that in each case listed in Table II the N('**Au)/N('*°Au) value is in excess of this, demonstrating the contribution to '**¢Au
production from capsule neutrons at energies well below 14 MeV. Figure 8 demonstrates that the correlation between the
gold isotope ratio and the DSR is monotonically increasing, though not linear, since for a monoenergetic 14-MeV neutron
spectrum the isotope ratio at DSR=0 should be approximately 5x10. In reality, additional captures of lower energy DD and
TT fusion neutrons and neutrons down-scattered in the hohlraum bring the expected DSR=0 ratio up to about 1x10~. The
non-linearity of the gold isotope ratio data is not surprising because the DSR is a measure of neutrons that have undergone a
very limited number of scattering interactions, while the production of the '***Au component of the gold isotope ratio is
strongly influenced by exposure to more highly scattered neutrons (see Figure 4). Despite this observation, the gold isotope
ratio versus DSR value can be represented approximately by a straight line over the present range of the data.

The DSR and gold ratio provide information about compression (pR) of the fuel (DT) and plastic capsule ablator (CH)
during burn. Nuclear cross sections at E = 14 MeV show that for a given pR, the DSR contribution from DT is about four

times that of CH. By contrast, DT and CH are approximately equally effective in increasing the gold ratio through neutron
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down-scattering. A given pair of DSR and gold ratio values can therefore be used to uniquely determine both pR(DT) and
pR(CH) at burn time. Details of the analysis and application to NIF data will be given in a separate paper.

The gold isomer ratios, N(**"Au)/N(****Au), from the individual shots are consistent with each other within the
uncertainties of the measurement, as well as the extant literature data (see Table II). There is no significant dependence of
the values on the 14-MeV neutron yield or DSR for these data obtained from collectors located equatorially. The weighted
average obtained, 7.05 + 0.04% (statistical) £ 0.28% (systematic), is in good agreement with the isomer ratios determined
from accelerator-based measurements. Experiments such as these at the NIF have an advantage that all radioactive species
are produced at essentially the same instant.

The success of these nuclear isotope and isomer ratio measurements at the NIF suggests that the facility can be used for
studies in basic nuclear physics and astrophysics. The fuel in an ICF capsule is driven to temperatures and pressures
comparable with those found in the interiors of Asymptotic Giant Branch (AGB) stars, low- to medium-mass stars where the
s-process is thought to occur. This nucleosynthesis process occurs over a long time period by capture of neutrons generated
by the nuclear reactions in the star. Depending on the mass, composition, and stage of evolution of the AGB star, the s-
process produces elements heavier than Fe up to Y and Sr, even up to Pb under some conditions. These heavy elements can
be ejected into the interstellar medium by a supernova explosion.

Although the neutron spectrum produced by an ICF capsule is dominated by 14-MeV neutrons (see Figures 1 and 2),
there can be a significant contribution from neutrons that mimic those that produce heavy elements via the s-process.®" >’ In
addition, since the thermal environment during the ICF implosion is elevated, the potential exists to measure cross sections of
nuclei with excited levels in thermal equilibrium, an interesting complement to experiments at accelerator laboratories where
targets are at ambient temperature.

Mounting collection assemblies with trailing foils at more than one distance from the NIF target-chamber center can be
used to distinguish that fraction of an induced isotope inventory due to room return from that arising directly from the
capsule. If the spectrum of room-return neutrons can be characterized, intensities are such that radiochemical measurements
of cross sections for (n,y) reactions at intermediate energies can be proposed.

In summary, measurements of the neutron activation of gold in the hohlraum of NIF ICF capsules have been performed
to demonstrate the usefulness of these measurements to diagnose ICF implosions, as well as to measure neutron cross
sections or cross section ratios. Furthermore, since the ICF implosions occur at temperatures comparable to those in stars, the

possibility to use NIF to measure neutron cross sections of importance to astrophysics is suggested by the present work.
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